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ABSTRACT: Exploring the kinetics of metal−organic framework crystallization is crucial
in order to design novel synthesis methods benefiting from far-from-equilibrium conditions,
such as flow, microfluidic, or gel-phase reactors. Herein we focus on zeolitic imidazolate
frameworks (ZIFs) obtained in the reaction of 2-methylimidazolate and zinc ions as a
model system. The room-temperature synthesis carried out in pure water solvent without
the addition of any alkaline chemical yields a highly crystalline product with good
conversion within minutes. The short-term kinetic characteristics were determined by a
high-speed camera, the result of which was complemented by a UV−vis photometer based
long-term investigation. At low concentrations and moderate linker excess, which facilitate sluggish coordination and precipitation, a
fast colloid formation is followed by a delayed and remarkable recrystallization, which leads to the formation of a dense dia(Zn)
polymorph of ZIF. Although this is the thermodynamically favored route, it should be avoided due to the nonporous structure of the
product. The same stoichiometric excess of the linker ions together with higher concentrations gives rise to the production of the
thermodynamically less stable polymorph of ZIF: i.e., ZIF-8 with a sodalite-like structure is obtained via kinetic control. Similar
conclusions are drawn in the case of cobalt(II)-containing imidazolate frameworks, which highlights that kinetic control based
polymorph selection might be achieved for other MOFs as well. Our kinetic results were supported by scanning electron microscopy,
powder X-ray diffraction, nitrogen gas adsorption, and Fourier-transformed infrared and Raman spectroscopy.

■ INTRODUCTION

Metal−organic frameworks (MOFs) are some of the most
fascinating hybrid materials and are typically made of
transition-metal cations (e.g., Zn2+ and Cu2+) and various
organic linkers (e.g., oxalic acid and terephthalic acid) and
possess one-, two- or three-dimensional structures. MOFs have
extremely high surface areas and pore volumes due to the
special coordination nature of their building blocks.1−5

Therefore, these materials have been proposed for diversified
applications exploiting their unique behaviors in the high-
pressure gas storage of hydrogen,6,7 methane,8,9 and carbon
dioxide,10 gas purification and separation,11,12 heterogeneous
catalysis,13,14 photocatalysis,15 targeted drug delivery,16,17

electronics,18,19 and sensors.20,21 Recent studies have also
proved their successful application in water harvesting from air
even under desertlike arid conditions.22 The versatile use of
MOFs and the possibility of their prescribed and tailored
synthesis has given rise to a new branch of chemistry called
reticular chemistry.23

Traditionally, MOFs are synthesized through hydrothermal
or solvothermal methods in the bulk phase, in which the
reactants are mixed.24−26 Recently, a new synthesis method has
been proposed for producing zeolitic imidazolate frameworks
(ZIFs) using a solid hydrogel medium with the combination of
a coordination reaction and diffusion of metal cations and
linkers.27,28 In this setup, ZIFs with excellent crystallinity were

spatially sorted in the gel column with continuously increasing
crystal size ranging between 100 nm and 10 μm, which
illustrates the great potential of the application of far-from-
equilibrium synthesis methods.27,28 However, the main draw-
back is the postsynthetic purification and separation of ZIFs
from the gel components, which is a strong limitation for this
approach in large-scale production. Therefore, the develop-
ment of MOF synthesis methods utilizing concentration flux
approaches in pure solvents and avoiding any postsynthetic
size-selective purification is desired and challenging at the same
time.29 Similarly to other crystal growth systems, the formation
of MOFs is governed by nucleation and crystal growth
processes. In this context, the kinetic investigation of MOF
formation is a crucial point in designing MOFs with an
appropriate size and morphology, especially when crystal-
lization is coupled to various transport phenomena, as in the
discussed reaction−diffusion case or in microfluidic reactors.
The nucleation kinetics of ZIFs was investigated by applying
stopped-flow measurements coupled with time-resolved in situ
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small-angle and wide-angle X-ray scattering and liquid cell
transmission electron microscopy.30,31 Furthermore, the
formation of core−shell and other complex precipitate particle
structures was achieved in cobalt(II)- and zinc(II)-containing
ZIFs by adjusting the reaction rates.32 However, those
syntheses were performed in methanol and did not focus on
an investigation of the concentration-dependent precipitation.
Herein, we investigate the kinetics of zeolitic imidazolate
framework (ZIF) formation in the aqueous phase,33−35

considering it to be a model reaction for MOF crystallization.
The aqueous environment provides less optimal conditions for
the synthesis in comparison with the use of less polar organic
solvents, e.g., methanol and dimethylformamide, especially at

room temperature. Minimizing the application of organic
solvents contributes to maintaining a sustainable environ-
mental development. Therefore, there is an increasing demand
to develop green synthesis methods for the production of high-
stability and -porosity MOF crystals in the aqueous phase.
ZIFs composed of zinc and 2-methylimidazolate ions

possess three crystalline polymorphs that are interchangeable
with more or less difficulties. While the SOD (sodalite-like)
polymorph (ZIF-8) has a porous zeolite-like structure with
high surface area, kat (katsenite-like) and dia (diamond-like)
polymorphs have nonporous structures with a relatively low
surface area.36,37 Previous studies reported that the SOD
polymorph exhibits significant sensitivity to an aqueous

Figure 1. SEM micrographs (a), powder X-ray diffractograms (b), and Fourier-transformed infrared spectra (c) confirming the morphology,
crystalline phase, and molecular structure transition, respectively, of the precipitate obtained at different solution compositions with fixed
concentration ratios of (I) 500 and 25 mM, (II) 375 and 18.75 mM, (III) 250 and 12.5 mM, (IV) 160 and 8 mM, (V) 80 and 4 mM, and (VI) 30
and 1.5 mM of [2-MeIm]tot and [Zn]tot, respectively. Identical roman numbers applied across the panels indicate identical initial solution
compositions. Black circles and diamonds above the diffractograms correspond to reported diffractions of SOD and dense dia(Zn) polymorphs of
ZIF, respectively.41,43,47 The reaction time is 3 h in all cases.
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medium under ambient conditions at neutral pH.38 The
published results are divided on whether the formation of the
dense dia(Zn) polymorph is a fundamental step before the
total hydrolysis of the SOD polymorph into Zn(OH)2 and
imidazolate ions on immersion in water. It is also commonly
accepted that the solidification of the dense dia polymorph is
the thermodynamically favored process, which thus unfortu-
nately enables the phase transformation of the SOD
polymorph during syntheses.36

Although the thermodynamic stability difference between
SOD and dense dia(Zn) phases is known in the literature,36

the kinetic aspects of their competing crystallization has not
yet been investigated. Therefore, we performed precipitation
reactions in a well-stirred batch system and followed the
morphology and chemical structure of the product over time in
order to investigate whether a polymorph selection can be
achieved via kinetic control.

■ RESULTS AND DISCUSSION
Synthesis in a Well-Stirred Batch System. MOFs

belong to the subclass of coordination polymers: i.e., metal
ions are coupled to each other via organic linkers. In the
specific case of ZIF-8, Zn(II) ions are tetrahedrally
coordinated by 2-methylimidazolate ions. In general, an excess
of linker molecules increases the product quality: i.e.,
crystallinity. A significant amount of 2-methylimidazole (2-
MeImH) is present in an aqueous solution in the form of
deprotonated 2-methylimidazolate ion (2-MeIm−) if the pH is
around 14 (pKa ≈ 13.8;39 a calculated speciation diagram is
shown in the Supporting Information). Therefore, according to
the literature, it is necessary to add a base to the reaction
mixture to facilitate ZIF-8 formation in water.40 It has also
been shown that a properly selected base (e.g., NH3) can
contribute to the coordination reaction mechanism as well.41

However, since 2-methylimidazole itself is a Brønsted base in
water (pKa = 7.8 for the conjugated acid42), moderately
concentrated solutions may provide the appropriate alkaline
conditions without adding any further alkaline ingredient.
In this context, we performed precipitation reactions in a

well-stirred batch system to investigate the effect of reactant
concentration on the crystalline phase and morphology of the
forming crystals. Upon mixing of the aqueous solutions, the
concentration ratio of the two reactants and thus the excess of
2-methylimidazole was kept constant ([2-MeIm]tot:[Zn]tot, =
20:1, where []tot stands for the analytical concentration) to
provide an ample amount of linker molecules. See the
Supporting Information for further experimental details
(solution preparation, crystalline phase assignment, micro-
structure analysis, Fourier-transformed infrared and Raman
spectroscopic analysis, and nitrogen adsorption).
At [2-MeIm]tot = 500 mM concentration, the SOD

polymorph (ZIF-8) is exclusively found after a 3 h reaction
time according to the PXRD pattern and the SEM micrograph
shown in Figure 1a-I,b-I. We highlight again that no additional
alkaline ingredient was used; the aqueous mixture contained
only zinc sulfate and 2-methylimidazole. To estimate the yield
of the reaction, 50 mL portions of [2-MeIm]tot = 1000 mM and
[Zn]tot = 50 mM solutions were mixed. After a 3 h reaction, the
product was filtered and dried under ambient conditions. The
mass of the obtained solid sample was 0.634 g, which
corresponds to an ∼56% yield because of the 2-MeIm:Zn2+

= 2:1 stoichiometry for the product. A slight decrease in the
reactant concentrations ([2-MeIm]tot = 375 mM and [Zn]tot =

18.75 mM; SEM micrograph and PXRD pattern in Figure 1a-
II,b-II, respectively) results in the appearance of a second
crystalline phase in addition to the SOD polymorph, which is
identified as a dense dia(Zn) structure according to the
literature.43 In this polymorph, some Zn(II) ions are
coordinated to each other by two linkers; thus, a tetrahedral
coordination is not fulfilled, which causes a smaller pore size
and weaker adsorption capacity.43 In the pictures, dense
dia(Zn) has a lamellar structure in which the lamellae self-
assemble into a 3D flowerlike structure. The SOD phase
disappears upon further decreasing the reactant concentra-
tions, and only dense dia(Zn) remains (SEM micrographs and
PXRD patterns from III to VI in Figure 1a,b). Also, the
flowerlike shape is less abundant at lower concentrations and is
replaced by simple sheets, although the PXRD patterns are
unchanged.
To further investigate the products, Fourier-transformed

infrared (IR) and Raman spectroscopic studies were carried
out on the solid samples obtained in the reactions performed
with different initial concentrations. At the highest concen-
trations ([2-MeIm]tot = 500 mM and [Zn]tot = 25 mM), well-
resolved characteristic vibration bands appear in the
corresponding IR spectrum (Figure 1c-I), which are clearly
associated with the vibration modes of ZIF-8. The relative
intensities and the band positions of the vibrations are in good
agreement with the reported vibrations of the SOD polymorph
(Table S2).44−46 We note here that, according to the PXRD,
SEM, and IR results, the hydrolysis of the SOD polymorph did
not occur under ambient conditions during the 3 h spent in
aqueous solution. To distinguish between SOD and dense
dia(Zn) polymorphs, vibration bands at around 1170 and 745
cm−1 corresponding to different ring vibrations of the
heteroaromatic imidazolate ring are found to be useful markers
(see Table S2 for band assignments). By a systematic decrease
in the reactant concentrations, significant alterations in the
marker regions are determined, which confirm a phase
transition (enlarged region of Figure 1c). No vibrations of
byproducts, including well-known hydrolysis products or
reactants, are found. At [2-MeIm]tot = 250 mM and [Zn]tot
= 12.5 mM and below, as a result of a complete phase
transformation, vibration bands of the dense dia(Zn)
polymorph are exclusively detected (curves from III to VI in
Figure 1c). At intermediate concentrations ([2-MeIm]tot =
375 mM and [Zn]tot = 18.75 mM; Figure 1c-II), a combination
of the typical vibration bands of the two polymorphs are
registered, which indicates their coexistence. Accordingly, by
fine-tuning the initial concentrations, both phase-pure
polymorphs and their composites could be solidified under
ambient conditions in aqueous solutions. This trend of the IR
spectra is in line with the results of PXRD and SEM analysis.
Although less visible changes are seen, Raman spectra of the

solid products also support the trend above (Figure S4 and
Table S3). In addition, a notable change in the specific surface
area of the samples is revealed via nitrogen adsorption
measurements evaluated with the Brunauer−Emmett−Teller
method (BET). The specific surface area differences are closely
related to the polymorph structure. Pure dense dia(Zn) phase
exhibits the lowest specific surface area (21 m2/g), while a
higher value is found for the SOD polymorph (1138 m2/g), in
good agreement with the literature.48 The surface area of the
novel polymorph mixture is close to that of ZIF-8 (1318 m2/
g).
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One may think that the crystalline phase change upon a
decrease in the reactant concentrations is due to the pH of the
solutions with different [2-MeIm]tot. However, pH 10.8 is
measured for 1000 and 750 mM 2-MeImH solutions as well
(Table S1). In addition, pH 9.2 and 9.1 are obtained for the
reaction mixtures with [2-MeIm]tot = 500 mM and [Zn]tot =
25 mM and [2-MeIm]tot = 375 mM and [Zn]tot = 18.75 mM,
respectively. Since 2-methylimidazolate ion (i.e., the linker) is
present in the solution in a small amount in this pH range
(∼0.1% of [2-MeIm]tot; Figure S1a and Table S1), the solution
speciation is quasi unchanged and thus not expected to largely
affect the product, which contradicts the obvious trend seen in
Figure 1. Furthermore, even in the case of the lowest reactant
concentrations ([2-MeIm]tot = 30 mM and [Zn]tot = 1.5 mM),
pH 9.9 is measured for the 2-MeImH solution and pH 8.9 for
the reaction mixture, which cannot account for the prominent
change in the crystalline phase and morphology.
As presented above, phase-pure ZIF-8 can be produced with

good conversion in aqueous solution without the addition of
any alkaline chemical next to the reactants. However, a phase
change of the product from ZIF-8 to dense dia(Zn) is
observed if the concentrations are appropriately lowered, but
this is unlikely to be caused by the pH change of the reaction
mixture. It is therefore assumed that the kinetics of the reaction
determines the final product: i.e., there might be two different
outcomes depending on the conditions. If the coordination
and precipitation reactions advance rapidly, the thermody-
namically somewhat unstable but kinetically stable product
ZIF-8 may crystallize. On the other hand, sluggish coordina-
tion reaction and crystal growth forecasted by the lower
reactant concentration may prefer the formation of the
thermodynamically stable product (dia(Zn)). As our results
prove, these kinetic aspects must be taken into consideration
during the planning phase of experimental design, because they
may ultimately influence the outcome of the synthesis.
Long-Term Kinetic Characteristics. Benchmark kinetic

experiments showed that, shortly after the physical contact of
the two aqueous reactant solutions (ZnSO4 and 2-MeImH),
the mixture becomes opaque, which indicates the formation of
a colloid system. In contrast to this fast nucleation, crystal
growth resulting in the appearance of a microscopic precipitate
takes place on a longer time scale. The long-term kinetic
investigation of a precipitation reaction can be carried out with
the aid of a UV−vis spectrophotometer.32,49 The turbidity of
the dispersion changes with the concentration, shape, and size
of the solid particles. We applied such a method for the kinetic
study of ZIF formation. In one part of the experiments the
compositions of the reaction mixtures were identical with those
applied for the well-stirred synthesis presented above, while the
effect of an increasing linker concentration at a fixed metal ion
content was tested in separate measurements.
The reactant solutions were filled into a well-stirred and

sealed photometric cuvette with different concentration ratios
and various initial values. During the experiments, the turbidity
(T) was measured over time (t) at 340 nm with a photometer
(UV−vis PC spectrophotometer, VWR). Further experimental
details may be found in the Supporting Information.
The graph in Figure 2a shows experimental results with a

constant concentration ratio ([2-MeIm]tot:[Zn(II)]tot = 20:1)
and various solution compositions. We highlight that the color
codes used for Figures 1 and 2 with respect to solution
composition are identical to facilitate a direct comparison. It is
observed in each case that T sharply increases immediately

upon mixing the reactants. At the highest reactant concen-
tration ([2-MeIm]tot = 500 mM and [Zn(II)]tot = 25 mM;
Figure 2a-I), T maintains a high and constant value during the
experiment. However, T−t curves obtained with lower
concentrations show a stepwise trend: i.e., a second turbidity
increase is also detected. At somewhat lowered but still high

Figure 2. (a, b) Relative turbidity−time curves showing the crystalline
phase transition taking place at different times as a function of
solution composition. The curves are vertically shifted for better
visualization. (a) Varying concentrations at constant ratio ([2-
MeIm]tot:[Zn(II)]tot = 20): (I) 500 and 25 mM, (II) 375 and 18.75
mM, (III) 250 and 12.5 mM, (IV) 160 and 8 mM, (V) 80 and 4 mM,
(VI) 40 and 2 mM, and (VII) 30 and 1.5 mM of [2-MeIm]tot and
[Zn(II)]tot, respectively. The inset presents a closeup of the curves
and the recrystallization steps. (b) Fixed [Zn(II)]tot = 4 mM and
varying [2-MeIm]tot: (VIII) 160 mM, (V) 80 mM, (IX) 40 mM, (X)
30 mM, and (XI) 20 mM. (c) SEM micrographs presenting the
change of particle morphology along the V curve shown in (a) and
(b); the numbering of the micrographs corresponds to the sampling
instances shown in (a). (d) PXRD patterns corresponding to the SEM
micrographs above, with serial numbers inscribed. Squares above and
circles below the diffractograms belong to dense dia(Zn) and ZIF-8
diffractions, respectively.41,43,47
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concentrations (curves from II to IV in Figure 2a), the second
step is shallow because the turbidity of the suspension is high
and thus a further change is less dominant. Nevertheless, the
inset in Figure 2a clearly shows that the height of the second
step increases by lowering the concentrations. The same trend
is even more pronounced at [2-MeIm]tot = 80 mM and
[Zn(II)]tot = 4 mM concentrations (Figure 2a-V) and below.
Not only the step height increases but also the onset time of
the second step becomes longer in more dilute solutions
(quantitative measures shown in Figure S5a).
To investigate the temporal change of the precipitate

microstructure predicted by the stepwise T−t curves, similar
experiments with well-stirred mixtures were carried out in a
larger volume (100 mL) with a [2-MeIm]tot = 80 mM and
[Zn(II)]tot = 4 mM solution composition (Figure 2a-V,b-V).
Samples were withdrawn from the beaker at selected
characteristic times (assigned to curve V in Figure 2a): i.e.,
(1) at the very beginning of the reaction (450 s), (2) during
the first plateau (1200 s), (3) at the end of the second step
(4500 s), and finally (4) much later than the second step
(10800 s). The samples were immediately filtered, washed with
water, and dried under ambient conditions. The solid samples
were analyzed as in the previous experiments (SEM, PXRD,
and FTIR and Raman spectroscopy). Nanoparticles of 64 ± 6
nm size without a well-defined shape are found ∼7 min after
maintaining supersaturation (Figure 2c-1). The measurement
is based on 200 particles and an image analysis (ImageJ). The
corresponding diffractogram of Figure 2d-1 shows that the
degree of crystallinity is poor at this point of the reaction.
During the period marked with nearly unchanged T, the
initially formed nanoparticles rearrange into relatively thick
sheets with particles on their surfaces (Figure 2c-2). The
diffractogram shows that the amorphous character of the
crystals decreases and that the characteristic peaks are more
pronounced (Figure 2d-2). Approximately 90 min after the
contact of the reactant solutions, 3D complex structures
(Figure 2c-3) evolve from the sheets and this process is
indicated by a prominent turbidity increase (Figure 2a-V3).
The diffractogram indicates a high crystallinity (Figure 2d-3).
The shape of the 3D crystals remains unchanged over the rest
of the reaction; thus, this is the final product (Figure 2c-4). It
also can be determined from the diffractograms that the
crystalline phase changes during the reaction. The diffracto-
gram of the final product is clearly assigned as dense dia(Zn)
(Figure 2d-4 and black squares above the diffractograms). The
reflections belonging to the nanoparticles present at the initial
stage cannot be properly designated as ZIF-8 (Figure 2d-1 and
black circles below the diffractograms). By monitoring of the
effect of reaction time on the structure of the solids, FTIR and
Raman spectra exhibit an interesting tendency. Both the
positions and the relative intensities of the characteristic
vibration bands associated with the dense dia(Zn) structure
remain unchanged (Figure S6). Accordingly, in the quasi-
amorphous structures identified by PXRD (Figure 2d-1,2), the
first coordination spheres are the same, which are characteristic
of the phase-pure dense dia(Zn) polymorph. This observation
is a significant difference in comparison with previously
published results, where these amorphous specimens generated
during the syntheses or hydrolysis of ZIF-8 are assigned as the
SOD structure.38 Raman spectra of the products also remain
unvariable over time, supporting the existence of the dense dia-
like amorphous phase(s) (Figure S7).

A similar kinetic investigation was carried out with elevated
concentrations ([2-MeIm]tot = 500 mM and [Zn(II)]tot = 25
mM). In good agreement with the Figure 2a-I curve, which
shows no stepwise trend, the product is ZIF-8 over the entire
reaction and no recrystallization is detected (diffractograms are
given in Figure S8). The surface of the crystals collected at the
very beginning of the reaction is somewhat rough. However,
the samples collected at later stages depict a smooth surface
and the typical ZIF-8 shape (SEM images of Figure S8).
The above findings prove that ZIF-8 is not the only

accessible product of the reaction between Zn(II) ions and 2-
MeImH. If the reactant concentrations are high and thus the
coordination and precipitation reactions fast, ZIF-8 can be
produced in aqueous solutions without the addition of any
further alkaline chemical. However, lower concentrations and
thus slower reactions lead to the formation of the dense
dia(Zn) polymorph. This agrees well with the results obtained
by density functional theory calculations: i.e., the latter species
is the thermodynamically more stable phase36 and ZIF-8 only
can be yielded via kinetic control.
The graph in Figure 2b shows the results of kinetic

experiments of well-stirred mixtures performed with increasing
stoichiometric excesses of 2-MeImH while the zinc sulfate
concentration is kept constant ([Zn(II)]tot = 4 mM). To
facilitate the comparison of effects caused either by increasing
the reactant concentrations at a fixed ratio or by varying the
ratio at a fixed [Zn(II)]tot, curve V simultaneously presented in
Figure 2a,b serves as a reference ([2-MeIm]tot = 80 mM and
[Zn(II)]tot = 4 mM). The second turbidity increase referring to
recrystallization appears at ∼2200 s in Figure 2b-V. This onset
time becomes slightly shorter (1900 s) upon increasing [2-
MeIm]tot from 80 to 160 mM: i.e., increasing the stoichio-
metric excess from 20× to 40×. Also, decreasing [2-MeIm]tot
from 80 to 40 mM, i.e., decreasing the stoichiometric excess
from 20× to 10×, slightly elongates the onset time (∼2400 s).
In contrast to these modest changes, further decreasing [2-
MeIm]tot by a small amount (from 40 to 30 mM) is manifested
as a jump in the length of the onset time: it suddenly becomes
∼12000 s (quantitative measurements are shown in Figure
S5b). Therefore, even though the stoichiometric excess of the
linker molecules is ensured at the lowest concentration as well
([2-MeIm]tot = 20 mM, i.e., 5× excess in comparison to
[Zn(II)]tot, and 2.5× more than that dictated by the
stoichiometry of ZIF-8), the optimal onset time is reached at
10−20× excess. The two steps of the mechanism are more
distinguishable at higher linker excesses. It is also observed that
reaching approximately [2-MeIm]tot:[Zn(II)]tot = 20:1 con-
centration ratio maximizes the yield, since a greater 2-MeImH
excess did not provide either a larger amount of product or a
significantly faster transition. A further important conclusion is
that, since Figure 2b presents only stepwise T−t curves
independently of linker concentration, the synthesis of ZIF-8
cannot be carried out. Indeed, a higher [Zn(II)]tot is required
to reach a sufficient initial reaction rate in order to avoid the
formation of the thermodynamically stable product (dense
dia(Zn)) and thus to maintain kinetic control on the process.
To investigate whether the phenomena observed for the

Zn(II)−2-MeImH system (i.e. (1) distinct recrystallization
steps at low concentrations and (2) polymorph selection by
applying different reactant concentrations) are unique or
applicable to other MOFs as well, we performed a similar set of
experiments in the Co(II)−2-MeImH system. The production
of zeolite-like ZIF-67 and dense dia(Co) structures under
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hydrothermal conditions on application of various cobalt salts
is known in the literature.50 Thus, these compounds might be
obtained via our water-based room-temperature synthesis as
well. In conjunction with the kinetic investigation of the
Zn(II)−2-MeImH system, the turbidity of the reaction
mixtures was followed with time for various solution
compositions in the Co(II)−2-MeImH system as well.
Similarly to the Zn(II)−2-MeImH system, stepwise T−t
curves are revealed (Figure S9a). Furthermore, the onset
time of the second turbidity step again becomes shorter upon
increasing the reactant concentrations (quantitative measure-
ments are shown in Figure S5c). Finally, polymorph selection
is also achieved by varying the reactant concentrations and
maintaining a [2-MeIm]tot:[Co(II)]tot = 20:1 ratio just as for
the Zn(II)−2-MeImH system. According to the SEM and
PXRD results, ZIF-67 crystals are produced even at the
beginning of the reaction at high reactant concentrations,
where the recrystallization step is barely present (Figure S9b).
Application of lower concentrations, however, results in the
production of dense dia(Co) particles (Figure S9c), in good
agreement with the Zn(II)−2-MeImH system. These results
highlight that the polymorph selection of various ZIFs might
be feasible via kinetic control even in an aqueous medium at
room temperature.
Short-Term Kinetic Characteristics. Although UV−vis

experiments facilitate long-term kinetic characterization, they
exclude investigation with high temporal resolution on a short
term (<5 s), even though this is indeed the time scale of
nucleation for ZIFs. The time scale of precipitation reactions is
often characterized by the induction period, which is the time
elapsed between maintaining supersaturation and detecting
precipitation.51−53 During the UV−vis experiments, T sharply
increases immediately upon mixing the reactants; thus, the
induction period cannot be determined by this method
because of the ∼5 s dead time elapsing between solution
mixing and data recording. To determine the short-term
characteristic time scale of ZIF precipitation, the kinetics of
colloid formation was captured with a high-speed-camera
(HSC)-based method.54

In the HSC experiments, 350 μL of aqueous ZnSO4 solution
was injected from a height of 5 mm into a pool of 350 μL of an
aqueous 2-methylimidazole solution contained in a standard
spectrophotometric cuvet. The mixing of the two solutions
generated by the impacting droplets together with the
emerging cloudiness of the reaction mixture was recorded
with a high-speed camera (Phantom Miro 110 equipped with a
Nikon AF-S 105 mm f/2.8 IF ED VR micro objective). The
detection was facilitated by transmitted light (cold white COB
LED reflector, 8000 lm). The image sequence showing the
dynamics of the system is presented in Figure 3a−c; further
experimental details are given in the Supporting Information.
The HSC method relies on tracking the gray-scale intensity of
the photographs taken of the precipitation process, since the
colloid dispersion scatters light. Therefore, the cumulative
gray-scale intensity of the images in the sequence gradually
decreases over time with a concentration-dependent trend,
which allows us to determine the induction period (tind).

54

Figure 3d depicts a typical gray-scale intensity−time data set
for a HSC experiment. The gray-scale recording begins when
the cuvet contains only the 2-MeImH solution. Then, at t = 0 s,
the injection of the ZnSO4 solution starts and I increases
because the meniscus, which appears black in the image, leaves
the field of view. Although Schlieren speckles evolve during

dropping because of the apparent refractive index difference of
the solutions (Figure 3b), they do not interfere with the
determination of tind. Later, the steep decrease of I is attributed
to colloid formation, which scatters light and thus gives a
cloudy appearance (Figure 3c). t1 refers to the end of the
induction period, which is determined as the intersection of
the two lines fitted to the reference state (i.e., homogeneous
solution) and to the colloid formation state (closeup in Figure
3d).
According to Figure 3e, tind strongly depends on the reactant

concentrations even if their ratio is kept constant ([2-
MeIm]tot:[Zn(II)]tot = 20:1). Within the investigated concen-
tration range, tind changes between 2 and 5.2 s. The
concentration (c) dependence can be described by a power
law (tind = ac−b), where the exponent b is found to be 1.6 ± 0.1.
On the basis of our findings, the emergence of the colloid

intermediate state can be considered quasi-instantaneous at
concentrations relevant for large-scale ZIF-8 synthesis. This
shall be taken into account when the product properties
(particle size or crystallinity) are subjected to fine-tuning, since
the growth rate of the crystals (and thus the final size of the
particles) depends on the local mass fluxes of the components.
Pronounced nucleation results in numerous nuclei; thus, the
crystal growth might be hindered because of the depletion

Figure 3. Snapshots of a typical HSC experiment: (a) side view of the
meniscus of the 2-methylimidazole solution; (b) mixing of reactant
solutions after the addition of ZnSO4 solution; (c) emerging
cloudiness caused by the formation of the colloid system below the
liquid−air interface. The cuvet is positioned in such a way that its
bottom and side edges are just outside of the field of view and the
meniscus of the reaction mixture is close to the top of the image. (d)
Induction period (tind) determination on the basis of the temporal
evolution of the image gray-scale intensity (I). The inset shows an
enlarged region of the entire data set for better visualization. Solution
composition: [2-MeIm]tot = 50 mM and [Zn(II)]tot = 2.5 mM. (e)
Concentration dependence of tind (constant ratio, [2-MeIm]tot:
[Zn(II)]tot = 20:1).
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zones around them. As is proven by the UV−vis experiments,
slow coordination and crystal growth may lead to the
formation of the dense dia(Zn) phase instead of ZIF-8.
Therefore, synthesis methods that can affect the nucleation
step through coupled transport phenomena, e.g., microfluidic
synthesis,55,56 under the presence of flow and diffusive
transport may benefit from such scaling laws.

■ CONCLUSION
By investigating the kinetics of ZIF formation with a high-
speed camera and UV−vis spectrometer based techniques, we
found that a colloid dispersion rapidly evolves after mixing the
reactant solutions. The characteristic time of this colloid
formation significantly shortens at higher concentrations. At
appropriately low concentrations, slow recrystallization follows
the colloid formation, which can be tracked by a remarkable
turbidity increase via UV−vis measurements. Time-elapsed
SEM micrographs and powder X-ray diffraction analyses prove
that the morphology and crystallinity change during the
reaction. At the same time, Fourier-transformed infrared and
Raman spectroscopy results indicate that the product is dense
dia(Zn) even at the beginning of the reaction.
It is shown that highly crystalline ZIF-8, as a thermodynami-

cally less stable polymorph of ZIF, can be produced in aqueous
solution at room temperature, without the addition of any
alkaline chemicals next to the reactants, if the concentrations
are high; thus, a kinetic control is maintained over the reaction.
The synthesis is free of side products, and no sign of hydrolysis
products is found.
A possible interpretation of the above kinetic control is the

following. During the syntheses performed with a constant
concentration ratio of the reactants, the solution speciation is
quasi unchanged; only the reactant concentration varies.
Therefore, one may speculate that zinc and imidazolate ions
can transform into the product via two independent and
competing routes that are characterized by different kinetic
orders. For now, let us not consider whether ions or zinc−
imidazole complexes participate in the reaction as building
blocks in reality. Since dense dia(Zn) has a lamellar structure,
independent building blocks may attach to each other one by
one, which forecasts a small kinetic order. On the other hand,
the 3D network of ZIF-8 may require the incorporation of
larger (secondary) building blocks just as for zeolites (i.e.,
doublets of species in our case) with a characteristic spatial
configuration. This latter step can involve only certain blocks
and results in larger nuclei, thus exhibiting a larger kinetic
order in comparison to dense dia(Zn) formation. Since the
two routes are parallel but are characterized by different kinetic
orders, that with a higher order is more sensitive to the change
in reactant concentration. That is, the formation of ZIF-8 is
hindered to a greater extent upon decreasing the concen-
tration, unlike that of dense dia(Zn), as we observe throughout
our experiments.
Furthermore, we presented that the above results are not

exclusive for zinc(II)-containing imidazolate frameworks.
Indeed, similar results were obtained utilizing cobalt(II)
instead of zinc(II), which may forecast a feasible kinetic
control for the synthesis of other MOFs as well.
As has been presented, maintaining high concentrations

provides an appropriate kinetic control for ZIF-8 production,
but it also results in fast nucleation and thus prescribes mass
flux across the depletion zone around the particles during
crystal growth. These antagonistic effects should be taken into

account when synthesis methods relying on far-from-
equilibrium conditions are elaborated: e.g., microfluidic or
gel-embedded diffusive processes.
To exploit the effect of reaction kinetics on the synthesis

products, ionic strength and temperature are further
parameters to investigate. Just like other reactions taking
place between ions, the change of ionic strength most probably
will affect the reaction rate. This effect, however, might be
rather complex, since not only the rate of the liquid-phase
reaction depends on ionic constituents but also the nucleation
and crystal growth processes can be altered likewise. While the
liquid-phase reactions between ions of unlike charge (i.e., all
precipitation reactions) become slower with increasing ionic
strength, crystal growth and aggregation usually are enhanced
under those conditions. Furthermore, temperature-dependent
kinetic measurements could be performed to determine the
activation parameters of the reaction by applying the Eyring−
Polańyi equation.
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